1. Introduction {#sec1-molecules-22-01769}
===============

α-Synuclein is a 140-amino acid protein produced predominantly by neurons in the brain. It is at the center of focus in understanding the etiology of a group of neurodegenerative diseases called α-synucleinopathies. These include Parkinson's disease (PD), dementia with Lewy bodies (DLB) \[[@B1-molecules-22-01769]\], multiple system atrophy (MSA) \[[@B2-molecules-22-01769]\], and a number of less well-characterized neuroaxonal dystrophies \[[@B3-molecules-22-01769]\]. The common feature of α-synucleinopathies is the presence of proteinaceous bodies containing aggregates of α-synuclein. α-Synuclein is normally present at the presynaptic terminals of neurons, where it is thought to play a role in maintaining a supply of synaptic vesicles. α-Synuclein is encoded by the *SNCA* gene and polymorphism and mutation studies of *SNCA* have provided evidence for a causal link between α-synuclein and PD \[[@B4-molecules-22-01769],[@B5-molecules-22-01769],[@B6-molecules-22-01769],[@B7-molecules-22-01769]\]. Six missense mutations in α-synuclein have been identified in dominantly inherited PD \[[@B8-molecules-22-01769],[@B9-molecules-22-01769],[@B10-molecules-22-01769],[@B11-molecules-22-01769],[@B12-molecules-22-01769]\]. The causal link also exists for DLB, but not for MSA \[[@B13-molecules-22-01769]\]. Despite much research into α-synuclein, the exact physiological function of α-synuclein is still unclear.

A body of evidence indicates a possible role of α-synuclein as a lipid acceptor. There are four main characteristics of α-synuclein that point to such a role. First, α-synuclein contains 11-amino acid repeats, which contain the consensus hexamer sequence KTKEGV, which are similar to motifs present in apolipoproteins and other lipid-binding proteins \[[@B14-molecules-22-01769]\]. Second, α-synuclein has a strong propensity to bind to lipid membranes, particularly regions enriched in cholesterol \[[@B15-molecules-22-01769]\]. Third, α-synuclein contains two cholesterol-binding domains (residues 34--45 and 67--78), with the latter having a high affinity for cholesterol \[[@B16-molecules-22-01769]\]. Four, α-synuclein can form structures that are similar to nascent lipoproteins \[[@B17-molecules-22-01769]\], which are premature forms of the larger spherical lipoproteins (i.e., high density lipoprotein). Nascent lipoproteins function as lipid carriers and promote cholesterol efflux. Cholesterol efflux is a process of removing cholesterol out of cells and is controlled by the transporter protein ABCA1, located on the plasma membrane \[[@B18-molecules-22-01769],[@B19-molecules-22-01769]\]. Typically, ABCA1 transfers cholesterol from cells onto nearby extracellular cholesterol acceptors, such as apolipoprotein A1 (apoA1) or apolipoprotein E (apoE) \[[@B20-molecules-22-01769],[@B21-molecules-22-01769]\]. ApoA1 stimulates cholesterol efflux from peripheral cells and aberration of this process results in accumulation of cholesterol in macrophages and, consequently, atherosclerosis \[[@B18-molecules-22-01769],[@B19-molecules-22-01769],[@B22-molecules-22-01769]\]. ApoE discs stimulate cholesterol efflux from neuronal cells \[[@B23-molecules-22-01769],[@B24-molecules-22-01769]\]; apoE discs are nascent lipoprotein-like structures that are secreted from astrocytes in the brain \[[@B25-molecules-22-01769],[@B26-molecules-22-01769],[@B27-molecules-22-01769],[@B28-molecules-22-01769]\].

The function of α-synuclein as a cholesterol acceptor that mediates cholesterol efflux is unknown. We therefore hypothesized that α-synuclein mediates cholesterol efflux. In this study, we loaded SK-N-SH neuronal cells with a fluorescent-labelled cholesterol and tested whether exogenously applied α-synuclein could mediate cholesterol efflux.

2. Results {#sec2-molecules-22-01769}
==========

2.1. Testing Whether α-Synuclein Can Mediate Cholesterol Efflux {#sec2dot1-molecules-22-01769}
---------------------------------------------------------------

α-Synuclein has biophysical properties that are similar to lipid-binding proteins \[[@B14-molecules-22-01769]\], and has a high affinity for cholesterol \[[@B16-molecules-22-01769]\]. These characteristics have raised an interesting question as to whether α-synuclein could mediate cholesterol efflux ([Figure 1](#molecules-22-01769-f001){ref-type="fig"}A). Cholesterol efflux is a process of moving cholesterol out of cells onto an extracellular cholesterol acceptor, such as apoA1 and apoE. To address our question, we resuspended lyophilized α-synuclein in PBS ([Figure 1](#molecules-22-01769-f001){ref-type="fig"}B) and applied it to SK-N-SH neuronal cells that were loaded with a fluorescent-labelled cholesterol (BODIPY-cholesterol). Fluorescence was measured in media samples and in cells, and the percentage of cholesterol efflux determined. ApoE discs \[[@B23-molecules-22-01769]\] were used as a positive control. We found that α-synuclein potently stimulated cholesterol efflux. The level of cholesterol efflux achieved by α-synuclein was similar to that of apoE discs ([Figure 1](#molecules-22-01769-f001){ref-type="fig"}C).

2.2. α-Synuclein Mediates Cholesterol Efflux in a Dose- and Time-Dependent Manner {#sec2dot2-molecules-22-01769}
---------------------------------------------------------------------------------

To further characterize the cholesterol efflux process mediated by α-synuclein, we assessed the effect of altering α-synuclein concentration on the process. Typically, cholesterol efflux is dependent on the concentration of the cholesterol acceptor. We once again treated SK-N-SH neuronal cells with exogenous α-synuclein and carried out cholesterol efflux assays. We found that α-synuclein stimulated cholesterol efflux in a dose-dependent manner, and the process was saturated at a concentration of 1.0 µg/mL of α-synuclein ([Figure 2](#molecules-22-01769-f002){ref-type="fig"}A). We also assessed the effect of altering the exposure time of α-synuclein on the process. Two concentrations of α-synuclein, 0.1 and 0.5 µg/mL, were used. We showed that α-synuclein stimulated cholesterol efflux in a time dependent manner ([Figure 2](#molecules-22-01769-f002){ref-type="fig"}B). These results indicate that the cholesterol efflux process, mediated by α-synuclein, is similar to that of typical cholesterol acceptors apoA1 and apoE.

2.3. α-Synuclein Mediates Cholesterol Efflux via ABCA1 {#sec2dot3-molecules-22-01769}
------------------------------------------------------

Cholesterol efflux is an active process that is controlled by the transporter protein ABCA1 located on the plasma membrane. ABCA1 is a member of ATP-binding cassette subfamily A (ABCA) that specializes in transporting lipids across membranes \[[@B29-molecules-22-01769]\]. ApoA1- or apoE-mediated cholesterol efflux is dependent on ABCA1 \[[@B20-molecules-22-01769],[@B21-molecules-22-01769],[@B23-molecules-22-01769]\]. To test if α-synuclein-mediated cholesterol efflux is also dependent on ABCA1, we transfected SK-N-SH neuronal cells with ABCA1 cDNA to increase ABCA1 expression, and then treated the cells with exogenous α-synuclein. Firstly, we confirmed the increased expression of ABCA1 in the transfected cells ([Figure 3](#molecules-22-01769-f003){ref-type="fig"}A,B). We showed that the level of cholesterol efflux was significantly increased in the ABCA1-overexpressing cells compared to mock-transfected cells ([Figure 3](#molecules-22-01769-f003){ref-type="fig"}C). The increase was 104%, which correlates strongly with the higher ABCA1 expression. There was no significant change in cholesterol efflux in the absence of exogenous α-synuclein (control) ([Figure 3](#molecules-22-01769-f003){ref-type="fig"}C), indicating that ABCA1 alone does not induce cholesterol efflux.

3. Discussion {#sec3-molecules-22-01769}
=============

Cholesterol homeostasis in the brain is increasingly recognized as being important for normal brain function. Cholesterol is an integral component of membranes, contributing to membrane structure and function. It is also a precursor to metabolites that are involved in multiple metabolic pathways. The level of cholesterol in cells is tightly regulated, as high levels are toxic. The level is controlled at the point of endogenous synthesis or at the point of exogenous uptake. A third mechanism of control is an active removal of cholesterol out of cells, which is known as cholesterol efflux. ApoA1 and apoE are cholesterol acceptors that play an integral part in the cholesterol efflux process. Aberration in neuronal cholesterol transport has been implicated in a number of neurodegenerative processes. For example, decreases in neuronal cholesterol efflux resulted in increases in the production of the neurotoxic amyloid-β peptides \[[@B23-molecules-22-01769]\]. The role of α-synuclein as a cholesterol acceptor is unknown. Whether neuronal cholesterol efflux is altered in α-synucleinopathies is also unknown.

The lipid-binding characteristics of α-synuclein suggest a possible role of α-synuclein as a cholesterol acceptor that mediates cholesterol efflux. In this study, we tested the capability of α-synuclein to mediate cholesterol efflux. We applied exogenous α-synuclein to SK-N-SH neuronal cells and assessed whether it could remove cholesterol using a classic cholesterol efflux assay. We showed, for the first time, that α-synuclein potently stimulated cholesterol efflux. Aspects of the cholesterol efflux process mediated by α-synuclein were similar to those of the typical cholesterol acceptors apoA1 and apoE. Firstly, the level of cholesterol efflux achieved by α-synuclein was similar to that of other acceptors \[[@B23-molecules-22-01769],[@B30-molecules-22-01769]\]. Secondly, the cholesterol efflux process was dose dependent and saturable at high concentrations of α-synuclein. Thirdly, the process was time dependent, i.e., the longer the exposure the higher the efflux. Fourthly, the process was dependent on ABCA1, the transmembrane protein that controls the transfer of cholesterol out of cells. These data indicate that α-synuclein mediates cholesterol efflux via ABCA1.

A close physical interaction between ABCA1 and cholesterol acceptor is believed to be a prerequisite for cholesterol efflux. Topological studies, based on cross-linking assays, have demonstrated that the distance between ABCA1 and apoA1 is less than 7 angstroms, which suggests a direct protein-protein interaction \[[@B30-molecules-22-01769],[@B31-molecules-22-01769]\]. An alternative model of interaction that has been proposed is that apoA1 does not directly interact with ABCA1 but rather binds to the plasma membrane, and thereby alters the physiochemical property of the membrane which facilitates cholesterol efflux via ABCA1 \[[@B32-molecules-22-01769]\]. Virtually nothing is known about the interaction between α-synuclein and ABCA1. In vitro studies have shown that α-synuclein binds to regions of membranes that are enriched in cholesterol \[[@B15-molecules-22-01769]\], and that the 11-amino acid repeats, containing the consensus hexamer motif, play a pivotal role in the binding process \[[@B33-molecules-22-01769]\]. Research is needed to determine the nature of interaction between α-synuclein and the plasma membrane, and whether a direct interaction between α-synuclein and ABCA1 is a prerequisite for cholesterol efflux.

In our cholesterol efflux assay, we utilized a fluorescent-labelled cholesterol called BODIPY-cholesterol, which is dipyrromethene boron difluoride linked to the carbon 24 of cholesterol \[[@B34-molecules-22-01769]\]. In the past, a radioactive-labelled cholesterol (^3^H-cholesterol) was commonly used in cholesterol efflux assays. When the two were compared side-by-side in a recent cholesterol efflux study, BODIPY-cholesterol produced generally higher levels of efflux, although all other aspects of cholesterol efflux process were similar \[[@B35-molecules-22-01769]\]. In our study BODIPY-cholesterol also produced higher levels of efflux compared to our previous studies with ^3^H-cholesterol in the same cells (SK-N-SH) with the same cholesterol acceptor (apoE discs) \[[@B23-molecules-22-01769]\]. It is likely that the photophysical property of BODIPY allows higher emission of light/radiation \[[@B34-molecules-22-01769],[@B36-molecules-22-01769]\], which could be related to the higher efflux readings. BODIPY-cholesterol has been shown to have similar characteristics as untagged cholesterol \[[@B37-molecules-22-01769]\], and has been used extensively in cholesterol trafficking studies \[[@B38-molecules-22-01769]\]. BODIPY-cholesterol is non-radioactive, and therefore it is readily applicable to high throughput studies.

In conclusion, we have tested whether α-synuclein could mediate cholesterol efflux and found that it potently stimulates cholesterol efflux. This process was dependent on the transmembrane transporter ABCA1. We reveal for the first time a novel role of α-synuclein and provide new insights into the potential pathomechanism of α-synucleinopathies.

4. Materials and Methods {#sec4-molecules-22-01769}
========================

4.1. Cell Culture {#sec4dot1-molecules-22-01769}
-----------------

SK-N-SH neuronal cells were obtained from the ATCC (Manassas, VA, USA) and were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum, 1% Glutamax, 0.5% glucose, 100 IU/mL penicillin and 100 μg/mL streptomycin at 37 °C in humidified air containing 5% CO~2~. Cell culture media and additives were obtained from Invitrogen (Melbourne, Australia), unless stated otherwise.

4.2. Cholesterol Efflux Assay {#sec4dot2-molecules-22-01769}
-----------------------------

Cholesterol efflux assay was carried out as previously described \[[@B35-molecules-22-01769]\]. Briefly, SK-N-SH neuronal cells were cultured in 48-well plates as described above. The cells were then labeled with BODIPY-cholesterol (Avanti Polar Lipids, Alabaster) for 1 h, washed with phosphate-buffered saline (PBS) three times, and equilibrated with DMEM containing 0.1% (*w*/*v*) bovine serum albumin (BSA) for 2 h. The cells were rinsed once more in PBS, and then incubated in serum-free media with or without exogenous α-synuclein (1.0 µg/mL) (AnaSpec, Fermont, CA, USA), which was prepared from lyophilized powder in sterile PBS and kept at 4 °C. ApoE discs (15 µg/mL) were used as a positive control \[[@B23-molecules-22-01769]\]. The fluorescence of media and cell lysate samples was measured using a Molecular Device M2 plate reader (excitation 482 nm, emission 515 nm) and the percentage cholesterol efflux calculated.

4.3. Western Blotting {#sec4dot3-molecules-22-01769}
---------------------

α-Synuclein preparations were separated on SDS-PAGE gels and transferred onto 0.45 μm nitrocellulose membranes at 100 volts for 30 min. Membranes were blocked with PBS containing 5% non-fat dry milk and probed with α-synuclein antibody (1:1000, mouse monoclonal, BD biosciences, North Ryde, Australia) overnight at 4 °C. They were then washed three times in PBS containing 0.1% Tween 20 and incubated with horseradish peroxidase-conjugated secondary antibody (1:2000, Dako, Carpinteria, CA, USA) for 2 h. Signals were detected using enhanced chemiluminescence and X-ray films (ECL, GE Healthcare, Buckinghamshire, UK).

4.4. Transfection {#sec4dot4-molecules-22-01769}
-----------------

Transient transfection was performed using Lipofectamine 2000 and Opti-MEM I (Invitrogen, Melbourne, Australia) following the manufacturer's protocol. Briefly, cells were seeded at 90% confluence in 48-well plates using antibiotic-free media and transfected with ABCA1 cDNA or empty vector (control). They were incubated for 24 h prior to cholesterol efflux assay.

4.5. RNA Extraction and Quantitative PCR {#sec4dot5-molecules-22-01769}
----------------------------------------

RNA was isolated using TRIzol reagent (Invitrogen) following the manufacturer's protocol. All procedures were carried out using RNase-free reagents and consumables. One microgram of RNA was reverse transcribed into cDNA using Moloney-murine leukemia virus (M-MLV) reverse transcriptase and random primers (Promega, Madison, WI, USA) in 20 μL reaction volume. Quantitative PCR (qPCR) assays were carried out using a Mastercycler ep realplex S (Eppendorf, Sydney, Australia) and the fluorescent dye SYBR Green (Bio-Rad, 1725270, Sydney, Australia), following the manufacturer's protocol. Briefly, each reaction (20 μL) contained 1× mastermix, 5 pmoles of primers and 1 μL of cDNA template. Amplification was carried out with 40 cycles of 94 °C for 15 s and 60 °C for 1 min. Gene expression was normalized to the housekeeper gene β-actin. A no-template control was included for each PCR amplification assay. The level of expression for each gene was calculated using the comparative threshold cycle (Ct) value method using the formula 2^−ΔΔ*C*t^ (where ΔΔ*C*~t~ = Δ*C*~t~ sample−Δ*C*~t~ reference). PCR products were visualized using 1% agarose gel electrophoresis.

4.6. Statistical Analysis {#sec4dot6-molecules-22-01769}
-------------------------

Data presented are expressed as mean ± SE shown by the error bars. Statistical significance was determined using Student's *t*-test with *p* values \< 0.05 considered significant.
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![α-Synuclein mediates cholesterol efflux. (**A**) A putative model of cholesterol efflux process controlled by the transporter protein ABCA1; (**B**) A preparation of α-synuclein (α-S) protein displaying monomeric and oligomeric forms as analyzed by western blotting; standard protein marker (M); (**C**) Cholesterol efflux of SK-N-SH neuronal cells treated with exogenous α-synuclein (1.0 µg/mL) compared to −ve control (PBS) and +ve control (apoE). Data represent mean (*n* = 6) and SE as error bars, \* *p* \< 0.00005.](molecules-22-01769-g001){#molecules-22-01769-f001}

![α-Synuclein mediates cholesterol efflux in a dose and time dependent manner. (**A**) Cholesterol efflux of SK-N-SH neuronal cells with increasing concentrations of α-synuclein (4 h treatment); (**B**) Cholesterol efflux of SK-N-SH neuronal cells with increasing exposure time to α-synuclein (0.1 and 0.5 µg/mL). Data represent mean (*n* = 6) and SE as error bars.](molecules-22-01769-g002){#molecules-22-01769-f002}

![α-Synuclein mediates cholesterol efflux via ABCA1. (**A**) Agarose gel electrophoresis shows an increased expression of ABCA1 in SK-N-SH neuronal cells that were transfected with ABCA1 cDNA compared to cells transfected with empty vector (mock). The housekeeper gene β-actin was used as an internal control; (**B**) Western blotting shows an increased expression of ABCA1 in SK-N-SH neuronal cells that were transfected with ABCA1 cDNA compared to cells transfected with empty vector (mock). The housekeeper gene β-actin was used as an internal control; (**C**) Cholesterol efflux of SK-N-SH neuronal cells transfected with either ABCA1 or mock cDNA and treated with α-synuclein or PBS (−ve control) for 4 h. Data represent mean (*n* = 6) and SE as error bars, \* *p* \< 0.0005.](molecules-22-01769-g003){#molecules-22-01769-f003}
